ABSTRACT: Dietary supplementation of stearidonic acid (SDA; 18:4n-3) has been considered a possible strategy to increase n-3 unsaturated fatty acid content in ruminant products; however, little is known about its metabolism in the rumen. In vitro batch incubations were carried out with bovine ruminal digesta to investigate the metabolism of SDA and its biohydrogenation products. Incubation mixtures (4.5 mL) that contained 0 (control), 0.25, 0.50, 0.75, 1.00, 1.25, or 1.50 mg of SDA supplemented to 33 mg (DM basis) of commercial total mixed ration based on corn silage, for dairy cows, were incubated for 72 h at 39°C. The content of most fatty acids in whole freeze-dried cultures was affected by SDA supplementation. Branched-chain fatty acids decreased linearly (P < 0.01), and odd-chain fatty acids decreased quadratically (P < 0.01), particularly from 1.00 mg of SDA and above, whereas most C18 fatty acids increased linearly or quadratically (P ≤ 0.04). Stearidonic acid concentrations at 72 h of incubation were very small (<0.6% of total fatty acids and ≤0.9% of added SDA) in all treatments. The apparent biohydrogenation of SDA was extensive, but it was not affected by SDA concentration (P > 0.05). Biohydrogenation followed a pattern similar to that of other C18 unsaturated fatty acids up to 1.00 mg of SDA. Stearic acid (18:0) and vaccenic acid (18:1 trans-11) were the major fatty acids formed, with the latter increasing 9-fold in the 1.00 mg of SDA treatment. At greater inclusion rates, 18:0 and 18:1 trans isomers decreased (P ≤ 0.03), accompanied by increases in unidentified 18:3 and 18:4 isomers (P = 0.02), suggesting that the biohydrogenation pathway was inhibited. The present results clearly indicate that SDA was metabolized extensively, with numerous 18:4 and 18:3 products formed en route to further conversion to 18:2, 18:1 isomers, and 18:0.
INTRODUCTION
Stearidonic acid (SDA; 18:4n-3) is a highly polyunsaturated n-3 fatty acid found in a small number of families of higher plants (mainly Boraginaceae and Primulaceae), with the richest sources known being echium oil (up to 15% SDA; Guil-Guerrero, 2007) and genetically modified oilseeds, such as SDA-enriched soybean oil (Bernal-Santos et al., 2010) .
Recent interest in SDA emerged with evidence of the beneficial properties to human health of long-chain n-3 PUFA, including eicosapentaenoic acid (20:5n-3) and docosahexaenoic acid (22:6n-3; Mozaffarian, 2008) . Although 20:5n-3 and 22:6n-3 can be synthesized in mammalian tissues by desaturation and elongation of 18:3n-3 (Brenna et al., 2009 ), the efficiency is very low, with Δ 6 -desaturase being the limiting step. Stearidonic acid is the reaction product of Δ 6 -desaturase on 18:3n-3, thus being more readily converted than 18:3n-3 to 20:5n-3 and 22:6n-3 (Yamazaki et al., 1992) . However, it has yet to be elucidated whether SDA is susceptible to biohydrogenation in the rumen and, if so, what products are formed and which of those products might appear in milk and meat. The objective of this study was to evaluate the metabolism of SDA by the rumen microbial population in vitro and to determine the effects of increasing SDA supplementation on SDA metabolism and biohydrogenation products.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because rumen contents were collected from commercial dairy cows after slaughter at an authorized slaughterhouse. Animals were protected at slaughter according to the Council Directive 93/119/ EC of 22 December 1993, and rumen content collection for experimental purposes was done by qualified members as previously authorized by the Portuguese National Authority for Animal Health (Direcção Geral de Veterinária) of the Ministry for Agriculture, Sea, Environment and Spatial Planning (Ministério da Agricultura, do Mar, do Ambiente e do Ordenamento do Território).
In Vitro Incubations
Rumen contents were obtained at a slaughterhouse (Matadouro Central de Entre Douro e Minho, Vila Nova de Famalicão, Portugal), immediately after slaughter, from 3 adult dairy cows fed corn silage-based diets and were transported anaerobically at 39°C. The length of time between collection of rumen contents and incubation was less than 60 min. A commercial total mixed ration (TMR) for lactating dairy cows, containing 48.9% corn silage, 8.4% wheat straw, and 42.7% concentrate mixture (DM basis), was ground in a hammer mill with a 1.0-mm screen and used as substrate in in vitro incubations.
For batch incubations (72 h), SDA was added in the form of NEFA at 0 (SDA0; control), 0.25 (SDA0.25), 0.50 (SDA0.5), 0.75 (SDA0.75), 1.00 (SDA1), 1.25 (SDA1.25), and 1.50 (SDA1.5) mg per 33.0 mg (DM basis) of TMR, corresponding to 0, 7.58, 15.2, 22.8, 30.3, 37.9 , and 45.5 g of SDA/kg of TMR, respectively. These concentrations were chosen to cover a wide range of lipid supplementation rates, including a practical dairy cow lipid supplementation strategy of 6% high SDA-enriched soybean oil (up to 24% SDA; Rymer et al., 2011) . A working solution of 10 mg of SDA/mL of ethanol was prepared from a commercial SDA solution (100 mg/mL of ethanol, Sigma-Aldrich Inc., St. Louis, MO), with increasing volumes being added to Hungate tubes with 33 mg of ground TMR (DM basis) and ethanol being added to equal its final volume in all tubes. Ethanol was removed by flushing with N 2 at 37°C, and tubes were kept at −20°C until incubation. Ruminal digesta of 3 donor cows were anaerobically pooled, strained through 4 layers of linen cloth, and diluted (1:2, vol/vol) in the medium described by Goering and Van Soest (1970) , at 39°C. Aliquots (4.5 mL) were then dispensed anaerobically into Hungate tubes containing the experimental treatments and incubated at 39°C. Each treatment was replicated in triplicate within the incubation. Reactions were stopped after 72 h by cooling in an ice slurry, and tubes were stored at −20°C.
Chemical and Fatty Acid Analysis
Chemical analysis of TMR was done as described by Cabrita et al. (2011) , and fatty acid methyl esters (FAME) were prepared by direct transesterification (Sukhija and Palmquist, 1988) , with heptadecanoic acid (1 mg, Sigma-Aldrich Inc.) as the internal standard.
Lipids from freeze-dried (65 h) whole fermentation media were extracted by a modified procedure of Folch et al. (1957) , using a dichloromethane:methanol (2:1) solution. The FAME were prepared by a combined transesterification method (Raes et al., 2001) , with nonadecanoate (1 mg, Sigma-Aldrich Inc.) used as an internal standard, and were analyzed by gas chromatography (HP6890A, Agilent Technologies Inc., Palo Alto, CA) on a fused-silica capillary column (CP-Sil 88, 100 m × 0.25 mm × 0.20 µm, Chrompack CP 7489, Varian Inc., Walnut Creek, CA). Helium was the carrier gas, and the split ratio was 1:10. The injector and detector temperatures were 250 and 280°C, respectively. The initial oven temperature of 100°C was held for 1 min, increased at 50°C/min to 150°C and held for 20 min, increased at 1°C/min to 190°C and held for 5 min, and then increased at 1°C/min to 200°C and held for 35 min. Peak identification was based on comparison of retention times with FAME standards (Supelco 37 component FAME mix, SDA methyl ester, SigmaAldrich Inc.; GLC-110 mix, bacterial acid methyl esters CP mix, Matreya LLC, Pleasant Gap, PA) and by gas chromatography-mass spectrometry analysis (Varian Saturn 2200, Varian Inc.).
Calculation and Statistical Analysis
Apparent biohydrogenation was estimated as the disappearance of dietary oleic acid (18:1 cis-9), linoleic acid (18:2n-6), 18:3n-3, and SDA between incubated diets and whole fermentation contents after a 72-h incubation, as proposed by Wu et al. (1991) . Data were analyzed using the GLM procedure (SAS Inst. Inc., Cary, NC). The model included the fixed effect of treatment and the residual error. Orthogonal polynomials were used to test the linear and quadratic effects of SDA supplementation on fatty acid content.
RESULTS AND DISCUSSION

Diet Composition and In Vitro Batch Incubations
The TMR used as substrate contained 41.9% DM and (DM basis) 6.20% ash, 14.3% CP, 37.8% NDF, 25.0% starch, and 2.70% total fatty acids; 16:0, 18:1 cis-9, and 18:2n-6 were the major fatty acids found, at 29.2, 21.7, and 32.6%, respectively.
In vitro incubations have been widely used to assess the biohydrogenation of PUFA by the rumen microbial population, mostly during 24-h incubations. The longer incubation period (72 h) used may have induced great- er biohydrogenation activity (Jouany et al., 2007) and led to a different profile of intermediates from those obtained in vivo, yet it enabled us to evaluate the biohydrogenation of SDA by the rumen microbial population. Where the 72-h batch incubation is lacking is in providing information about the rate of SDA metabolism, which may have been very rapid, as with 18:3n-3 and 18:2n-6 (Beam et al., 2000) , or slower, such as with 18:1 trans fatty acids (Harfoot and Hazlewood, 1997) .
Stearidonic Acid Metabolism and Apparent Biohydrogenation
The total fatty acid content (µg) linearly increased (P < 0.01) with SDA supplementation (Table 1) . A complex mixture of 18:4, 18:3, and 18:2 isomers was revealed by chromatographic analysis, particularly at SDA0.5 and above, and are herein presented as the sum of 18:2, 18:3, and 18:4 unidentified fatty acids. Further confirmation was achieved and is presented elsewhere (Alves et al., 2012) .
Most fatty acids determined after a 72-h incubation were affected by SDA supplementation. Stearidonic acid content of whole fermentation media increased linearly (P = 0.04) with addition of SDA. Although supplementation ranged from 0 to 1.50 mg in a 4.5-mL volume, SDA was detected only in small amounts after incubation (<0.8% of total fatty acids and ≤0.9% of added SDA) compared with that supplemented, and only at SDA0.5 or greater. These results clearly indicate extensive SDA metabolism by the rumen microorganisms. Indeed, apparent biohydrogenation of SDA was extensive (Table 2) , with more than 98.6% of incubated SDA being hydrogenated, yet it was not affected by its supplementation amounts (P > 0.05). Similarly, Bernal-Santos et al. (2010) reported a very low SDA transfer to milk fat when SDA-rich soybean oil was infused in the rumen of multiparous Holstein cows to 2.50 g of SDA/kg of DM. Conversely, another study with lactating cows fed grass silage and cereal-based concentrate (60:40 forage-to-concentrate ratio) supplemented with fish oil was reported to reduce SDA biohydrogenation (58%; Shingfield et al., 2003) .
Stearidonic Acid Biohydrogenation Profile
The mechanism of SDA metabolism in the rumen is not known. If hydrogenated similarly to 18:2n-6 and 18:3n-3, SDA would be expected to follow an initial isomerization to the 18:4 trans conjugated isomer, followed by consecutive hydrogenations toward the formation of 18:3, 18:2, and 18:1 trans intermediates, and finally to stearic acid (18:0; Harfoot and Hazlewood, 1997) . In this study, SDA supplementation increased the sum of 18:4 and 18:3 (quadratic, P ≤ 0.02) and 18:2 (linear, P < 0.01) unidentified isomers, particularly of the former 2 at supplementation amounts that were greater than 1.00 mg of SDA. There is no evidence of elongation or shortening of the fatty acid carbon chain (Harfoot and Hazlewood, 1997) ; thus, the presence of these isomers suggests they are biohydrogenation intermediates of SDA. The putative formation of conjugated tetraenoic and trienoic isomers from dietary SDA supplementation might be of interest because they may have beneficial health properties (Tsuzuki et al., 2004) . The 18:0 fatty acids and most 18:1 trans fatty acids had an inverted V-shaped accumulation curve, accumulating up to SDA0.75 and SDA1, respectively, and decreasing at greater additions of SDA. The decrease of these monoenoic intermediates and 18:0 was accompanied by an increase in the unidentified 18:3 and 18:4 fatty acids, with 18:3 unidentified intermediates constituting 25.7 and 32.1% in the SDA1.25 and SDA1.5 treatments, respectively. These results suggest that from supplementation of SDA1 and greater, a change in the biohydrogenation pattern occurred and that the biohydrogenation process was inhibited. Although SDA supplementation did not affect apparent biohydrogenation of 18:3n-3 (P > 0.05), it decreased 18:2n-6 (linear, P < 0.01) and 18:1 cis-9 (quadratic, P < 0.01) biohydrogenation, which may reflect an inhibition of the hydrogenation through a toxic effect of SDA supplementation or of one of its intermediates on certain members of the rumen microbial population. Bacteria with biohydrogenating activity, including Butyrivibrio fibrisolvens and Butyrivibrio proteoclasticus, are particularly sensitive to the toxic effects of PUFA, 1 Biohydrogenation (%) = {100 − [(fatty acid in whole fermentation after a 72-h incubation/total C18 fatty acids in whole fermentation after a 72-h incubation)/(fatty acid in experimental diet/total C18 fatty acids in experimental diet)]} × 100.
2 Treatments are named according to the stearidonic acid (SDA) supplementation: SDA0 = 33 mg of total mixed ration (TMR) not supplemented with SDA; SDA0.25 = 33 mg of TMR supplemented with 0.25 mg of SDA; SDA0.5 = 33 mg of TMR supplemented with 0.50 mg of SDA; SDA0.75 = 33 mg of TMR supplemented with 0.75 mg of SDA; SDA1 = 33 mg of TMR supplemented with 1.00 mg of SDA; SDA1.25 = 33 mg of TMR supplemented with 1.25 mg of SDA; SDA1.5 = 33 mg of TMR supplemented with 1.50 mg of SDA.
3 Not detected.
with 18:3n-3 exerting stronger bacteriostatic effects than 18:2n-6 (Maia et al., 2007) . Being an octadecatetraenoic acid, SDA might thereby exert greater inhibitory effects than those previously reported for 18:2n-6 and 18:3n-3. Additionally, an overall inhibitory effect on the rumen bacterial population is suggested by the decrease of odd-chain fatty acids (quadratic, P < 0.01) and branched-chain fatty acids (linear, P < 0.01) with increasing SDA.
Conclusions
The results clearly indicate that SDA was metabolized extensively, with numerous 18:4 and 18:3 products formed en route to further conversion to dienoic and monoenoic acids and 18:0. The incubations also showed that the pattern of products changed as the concentration of SDA increased, consistent with SDA inhibiting the biohydrogenation reactions downstream of SDA metabolism.
